Many studies on color biochemistry and protein biomarkers were undertaken in post-mortem beef muscles after ≥24 hours. The present study was conducted on Longissimus thoracis muscles of 21 Blond d'Aquitaine young bulls to evaluate the relationships between protein biomarkers present during the early post-mortem and known to be related to tenderness and pH decline and color development. pH values at 45 min, 3 h, and 30 h post-mortem were correlated with three, seven, and six biomarkers, respectively. L*a*b* color coordinates 24 h post-mortem were correlated with nine, five, and eight protein biomarkers, respectively. Regression models included Hsp proteins and explained between 47 and 59% of the variability between individuals in pH and between 47 and 65% of the variability in L*a*b* color coordinates. Proteins correlated with pH and/or color coordinates were involved in apoptosis or had antioxidative or chaperone activities. The main results include the negative correlations between pH 45 min , pH 3 h , and pH u and Prdx6, which may be explained by the antioxidative and phospholipase activities of this biomarker. Similarly, inducible Hsp70-1A/B and μ-calpain were correlated with L*a*b* coordinates, due to the protective action of Hsp70-1A/ B on the proteolytic activities of μ-calpain on structural proteins. Correlations existed further between MDH1, ENO3, and LDH-B and pH decline and color stability probably due to the involvement of these enzymes in the glycolytic pathway and, thus, the energy status of the cell. The present results show that research using protein indicators may increase the understanding of early post-mortem biological mechanisms involved in pH and beef color development.
■ INTRODUCTION
Meat color is an organoleptic characteristic with a major influence on purchase decisions by consumers. 1, 2 Color is influenced by the content and physicochemical state of myoglobin and by the meat structure. 3, 4 The latter is directly related to the ultimate pH: at high ultimate pH, muscle fibers are more tightly packed together as a result of increased water-holding capacity of muscle protein. As a consequence, its surface will scatter light less and the meat will appear darker. 3, 4 The rate of post-mortem pH decline influences biochemical reactions and structural characteristics of the muscles and may also influence color. 5, 6 Myoglobin (Mb) plays further a central role in meat color. Mb content depends not only on the muscle but also on other factors such as breed, age, and diet. 1, 2 Slow-twitch oxidative muscle fibers are rich in Mb compared to fast-twitch glycolytic fibers. 3 Mb contains a hemeatin nucleus with a central iron atom. The iron atom of Mb may be reduced (DeoxyMb; purple), oxygenized (MbO 2 ; bright red), or oxidized (MetMb; brown). 7 The interconversion of the three forms in fresh beef depends on the levels of antioxidants and pro-oxidants present. 8 Loss of reducing activity in meat during storage is due to a combination of factors including pH decline, depletion of required substrates and cofactors particularly NADH, the presence of secondary lipid oxidation products, pH-induced denaturation of the enzymes, and ultimately the complete loss of structural integrity and functional properties of the mitochondria. 1, 8, 9 Comparative transcriptomic and proteomic studies have revealed biochemical pathways involved in meat sensory qualities, including tenderness, juiciness, and water-holding capacity. 10−13 These pathways are related to myofibril structure, proteolysis, heat stress, oxidative stress resistance, apoptosis, or energy metabolism. 12, 14, 15 At least part of these pathways may also be related to meat color development and stability, particularly those related to oxidative processes and the redox status of the muscle, to energy metabolism, and consequently to the status of the NADH pool and pH decline, and to apoptosis. 16−19 Such transcriptomic and proteomic studies have allowed our laboratory to establish a list of proteins, known as biomarkers, potentially predictive of certain sensory qualities. 13 Many studies on color biochemistry and protein biomarkers were undertaken in post-mortem beef muscles after ≥24 h post-mortem. The present study uses the earlier identified biomarkers to evaluate the relationships between protein status in the early post-mortem period, subsequent pH decline, and beef color as evaluated by L*a*b* coordinates. The study uses a high through-put technique and was conducted on young bulls of the French Blond d'Aquitaine (BA) breed, characterized by good muscle development, producing tender meat 20 but with a relatively pale color.
■ MATERIALS AND METHODS
Animals and Sampling. This study was part of the European ProSafeBeef project (FOOD-CT-2006-36241). Twenty-one Blond d'Aquitaine (BA) young bulls reared under intensive conditions and finished over two consecutive years (two replicated groups) were used. At 12 months of age, they were subjected to a 105 day finishing period until slaughter. Diets consisted of concentrate (75%) and straw (25%). Before slaughter, all animals were food deprived for 24 h and had free access to water. The animals at a live weight of 635 ± 52 kg were slaughtered at the experimental abattoir of the INRA Research center in compliance with the current ethical guidelines for animal welfare. Bulls were directly transported (4.5 ± 0.1 min) in a lorry (3 × 2 m livestock compartment) from the experimental farm to the experimental abattoir situated 2 km from the rearing building, with two bulls of the same home pen per transport to avoid social isolation stress. After unloading, they were slaughtered within 3 min. 21 The mean hot carcass weight was 410 ± 42 kg (range from 337 to 500 kg). The carcasses were not electrically stimulated, and they were chilled and stored at 4°C from 1 h until 24 h post-mortem. Longissimus thoracis (LT, mixed fast oxidoglycolytic) muscle samples were excised from the left side of the sixth rib 30 min post-mortem and frozen in liquid nitrogen before storage at −80°C until protein extractions for Dot-Blot analysis or myosin heavy chain (MyHC) quantification.
pH Measurements. For pH 45 min measurement, biopsies were made from the carcasses (10th rib), whereas pH 3 h and ultimate pH (30 h; pH u ) were measured directly on the carcass (right side). pH was determined as in Bourguet et al. 21 Briefly, 2 g of each LT sample excised 45 min after slaughter was immediately homogenized in 18 mL of 5 mM sodium iodoacetate and stored at 4°C. The pH of the homogenate was measured the following day at 6°C. For pH 3 h and pH u , the pH was recorded directly on the carcass between the sixth and seventh rib using a pH meter (Hanna Instruments, HI9025) equipped with a glass electrode suitable for meat penetration. For each time point, five measurements were made (positioned on a horizontal line with about 1.5 cm between two measurements).
Meat Color. The LT muscle was excised from the stored carcass at the level of the sixth rib thoracis vertebra 24 h post-mortem to determine color attributes. Instrumental meat color measurements were recorded for lightness (L* = measures light reflected), redness (a* = measures positive red and negative green), and yellowness (b* = measures positive yellow and negative blue) directly on the tissue of the muscle using a Minolta CR-300 chromameter (Minolta Co., Ltd., Osaka, Japan), with a 0°viewing angle, C illuminant, and 8 mm measurement aperture. Fresh-cut slices of muscle of not less than 2.5 cm thick and overwrapped were left on a polystyrene tray to refrigerate at 1°C for 1 h to allow blooming. Calibration was performed by using standard white tiles (Y = 93.58, x = 0.3150, and y = 0.3217) prior to color determination. Three replicate measurements were taken, and an average value was used for analysis. Color coordinates were expressed as L*, a*, b* following the CIE-L*a*b* system.
Protein Extractions. Total protein extractions were performed to use subsequently the soluble fractions for Dot-Blot analysis according to the method of Bouley et al. 22 Briefly, 80 mg of muscle was homogenized in a denaturation/extraction buffer containing 8.3 M urea, 2 M thiourea, 1% DTT, and 2% CHAPS. After 30 min of centrifugation at 10000g at 8°C, the supernatant was stored at −20°C until use. The protein concentrations of the extracts were determined according to the Bradford method 23 using the Bio-Rad protein assay. Bovine serum albumin (BSA) at a concentration of 1 mg/mL was used as standard.
Dot-Blot Analysis. The abundances of 18 proteins (including intact molecules and their fragments) corresponding to five different biological functions (Table 1) , muscle fiber structure (actin, MyBP-H, CapZ-β, and MyLC-1F), metabolism (ENO3, LDHB, and MDH1), proteolysis (μ-calpain), oxidative resistance (DJ-1, Prdx6, and SOD1), and heat shock proteins (αB-crystallin, Hsp20, Hsp27, Hsp40, Hsp70-1A/B, Hsp70-8, and Hsp70-Grp75), were determined using the Dot-Blot technique. 14, 15 Compared to Western blot, Dot-Blot is a fast technique, but with a similar coefficient of variation inter-and intra-assay (10%). Optimal dilution ratios of the antibodies were determined, using the conditions indicated by the supplier and adapted to bovine muscle samples ( Table 1 ). For that, Western blots were used to check the specificity of all antibodies. An antibody was considered specific against the studied protein when only one band at the expected molecular weight was detected by Western blot. Western blots with all primary antibodies show that all of the antibodies used bound specifically to the bovine protein with the expected theoretical molecular weight.
Conditions retained and suppliers for all primary antibodies dilutions are summarized in Table 1 . Protein extracts (15 μg) of each of the 21 muscle samples were spotted (four replications per muscle sample) on a nitrocellulose membrane with the Minifold I Dot-Blot apparatus from Schleicher & Schuell Biosciences (Germany) in a random order on the 96-spots membrane. In addition, a mixed standard sample (15 μg) was deposited for data normalization as reported by Guillemin et al. 15 The Dot-Blot membrane was air-dried for 5 min, blocked in 10% milk blocking buffer at 37°C for 20 min, and then hybridized and incubated with the specific primary antibody of each protein ( a The suppliers and conditions for each primary antibody used in this study are given. b For protein marker abbreviations see Table 2 .
fluorescence detection was then used for quantification of the relative protein abundances. Subsequently, the membranes were scanned by the Odyssey scanner (LI-COR Biosciences) at 800 nm. The relative protein abundances for each sample are given in arbitrary units. Electrophoresis and Quantification of Myosin Heavy Chain Isoforms. Three other biomarkers corresponded to MyHC and were determined according to the method of Picard et al. 24 using an adequate SDS-PAGE and expressed in percentage. Briefly, 100 mg of frozen muscle was ground in 5 mL of extraction buffer solution containing 0.5 M NaCl, 20 mM sodium pyrophosphate, 50 mM Tris, 1 mM EDTA, and 1 mM dithiothreitol. After 10 min at 4°C on ice, the sample was centrifuged for 5 min at 5000g. Following centrifugation, the supernatant was diluted 1:1 (v/w) with glycerol at 87% and stored at −20°C until use. The samples were then mixed with an equal volume of loading buffer containing 4% SDS (w/v), 125 mM Tris, pH 6.8, 20% glycerol (v/v), 10% β-mercaptoethanol (v/v), and 0.02% pyronin Y (w/v). The proteins were separated using 9.2% polyacrylamide gels. After staining, the gels were scanned, and the proportions of the different MyHCs bands were quantified by densitometry with ImageQuant Software 5500 (Amersham Biosciences/GE Healthcare). The band quantification revealed the existence of MyHC-IIb isoforms in only some animals (4 animals of 21). Consequently, MyHC-IIb percentages were totaled with those of MyHC-IIx, creating a new variable "MyHC-IIx+b" (fast glycolytic fibers).
Statistical Analysis. For descriptive statistics, raw data were used. For statistical analyses all data were standardized for replicate using the Proc Standard of SAS 9.2 to obtain Z scores. A Z score represents the number of standard deviations each observation is relative to the mean of the corresponding animal: Z = ((x − μ)/σ), where x is the raw value, μ is the mean of the population, and σ is the standard deviation of the same population.
The PROC CORR of SAS was used to determine the Pearson's correlation coefficients between the 21 biomarkers with pH and CIE-L*a*b* color coordinates. Correlation values were considered significant at P < 0.05.
For each pH value and each color coordinate, a principal component analysis (PCA) was carried out using PROC PRINCOMP of SAS, using only the correlated biomarkers. PCA aimed to illustrate visually the correlated biomarkers with pH and color coordinates. The overall Kaiser's measures of sampling adequacies of the performed PCAs were >0.68 for pH parameters and >0.80 for L*a*b* color coordinates.
Multiple regression analyses were performed using PROC REG of SAS to create best models (maximal adjusted R 2 ) for pH and color coordinates (as dependent variables) using the 21 protein biomarkers (as independent variables). Partial R-squares and significance of each retained variable are given for the models. Regression analyses were further conducted on L*, a*, and b* color coordinates to study specifically the relationships with pH values and muscle fiber type composition.
The absence of collinearity was systematically verified for each model, by producing condition indices and variance proportions using the COLLIN procedure of SAS. Variables were identified as collinear if they possessed both a high condition index >10 and a proportion of variation >0.5 for two or more traits. (Figure 3c ), respectively.
Regression Analyses of pH Parameters. The multiple linear regression analyses, using pH parameters as dependent and biomarker abundances as independent variables, revealed significant relationships (Table 3 ; Figure 4 ). For pH 45 min , 47% of the variability (P < 0.01) was explained by MDH1 and actin (negative) and Hsp70-8 (positive). For pH 3 h , the model was almost similar to the pH 45 min model and explained 59% of the variability (P < 0.001) in terms of LDH-B and actin (negative) and Hsp70-8 (positive). If included, Hsp27 (negative) was retained (P < 0.05) in the model, which then explains 67% of the variability. For ultimate pH, it was not possible to construct a significant model with three variables. Hence, a fourth variable was included, producing a model explaining 58% of the variability Relationships between Biomarkers and Meat Color Traits. Pearson correlation analyses revealed that the three measured color parameters were not correlated (r < 0.29). L*, a*, and b* values were correlated with 12 biomarker abundances (P < 0.05; in Figure 2b ). Hsp70-1A/B and μ-calpain were correlated with all color coordinates: negatively with L* and positively with a* and b* ( Figures 5 and Figure 6 ). These two proteins were correlated together (r = 0.69, P < 0.001). Five common correlations were found for L* and b*, although directions differed. L* and b* were correlated with αB-crystallin (r = −0.56 and 0.55, P < 0.05, respectively), Hsp70-8 (r = −0.68 and 0.41, P < 0.05; respectively), MyHC-I (r = −0.53 and 0.50, P < 0.05, respectively), ENO3 (r = 0.73 and −0.55, P < 0.01, respectively), and MyBP-H (r = 0.44 and −0.53, P < 0.05, respectively). Hsp40 was positively correlated with both a* and b* (r = 0.65 and 0.45, P < 0.01, respectively). Actin (negatively) and MyHC-IIa (positively) were correlated with L* only (r = −0.51 and 0.46, P < 0.05, respectively). MDH1 and Prdx6 were positively correlated with a* only (r = 0.63 and 0.46, P < 0.01, respectively). These two proteins were closely related (r = 0.50, P < 0.05). PCAs were carried out for each color coordinate, introducing only the correlated biomarkers. The first two axes of the PCA explained 68.8, 77.2, and 75.5% of the variability between animals of L* (Figure 5a ), a* (Figure 5b) , and b* (Figure 5c ), respectively.
Regression Models for Meat Color Traits. Simple correlations between pH values and color coordinates were not significant (−0.34 < r < 0.10; p > 0.13). The regression models using L*a*b* coordinates as dependent and pH and fiber types as independent variables found a significant model only for L*, explaining 37.9% of the variability with pH u (13.5%; P < 0.05) and MyHC-I (24.4%; P < 0.01): L* = −0.4* pH u − 0.7* MyHC-I. The regression models using L*a*b* color traits as dependent and biomarker abundances as independent variables are presented in Table 4 and Figure 7 . The models were significant and explained between 47 and 65% of variability. The model of L* explained 65% of the variability between animals (P < 0.0001) by ENO3 (positive) and Hsp70-Grp75 (negative). The model of a* explained 62% of the variability (P < 0.001) by Hsp40 (positive) and SOD1 and Hsp70-8 (both negative). The model of b* explained 47% of the variability (P < 0.01) by μ-calpain (positive) and Hsp70-Grp75 (negative). Both L* and b* models included Hsp70-Grp75, explaining 17 and 24%, respectively. All of the L*a* b* color coordinate models included heat shock proteins, which explained between 17 and 50% of the variability.
■ DISCUSSION
Results indicate that L*, a*, and b* color coordinates were unrelated among themselves and that only L* was weakly correlated with ultimate pH. Earlier studies on pork and cattle found correlations between ultimate pH, L*, and b*. 4 The absence of strong correlations with ultimate pH in the present study can be explained by the fact that ultimate pH values were within the normal range. 5 Redness (a*) is generally more influenced by early post-mortem pH. Particularly, at least in a Significance of the models: **, P < 0.01; ***, P < 0.001. b Variables are shown in order of their entrance in the prediction models. Figure 4 . Correlations between measured and predicted pH 45 min , pH 3 h , and ultimate pH parameters using the best models. Adjusted R-squares corresponding to the prediction equations given in Table 3 for each parameter are shown.
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Article DOI: 10.1021/acs.jafc.5b02615 J. Agric. Food Chem. XXXX, XXX, XXX−XXX pork, the combination of low early post-mortem thigh muscle temperature results in protein denaturation that leads to early inactivation of oxygen-consuming enzymes. 5 This promotes formation of MbO 2 , leading to higher a* values. 25 The absence of a correlation in the present study may be due to the use of cattle rather than pigs and/or the narrow range of early postmortem pH values, compared to the study by Lindahl et al. 5 To increase our understanding of the biochemical mechanisms underlying post-mortem pH decline and color development in young Blond d'Aquitaine bulls, the following sections will discuss the relationships between these variables and the proteins (biomarkers) measured in the present study using the Dot-Bot technique.
Relationship between Biomarkers in the Early Post-Mortem Period and Post-Mortem pH Decline. pH 45 min . PCA and regression analyses show that pH 45 min was correlated with four proteins (Actin, MDH1, Prdx6, and Hsp70-8), all implicated in apoptosis. Apoptosis is considered to start a few minutes after bleeding and to play a major role in the conversion of muscle to meat. 12, 26 Apoptosis is initiated due to the hypoxic state of the muscle cells resulting in changes in the inner mitochondrial cell membrane that cause the release of pro-apoptotic proteins into the cytoplasm. 26 These events activate the caspase cascade, which is central in the apoptotic process. Actin is the first protein targeted by caspases. Actin fragments can induce morphological changes resembling apoptotic cells and may be used as a probe for apoptosis detection. 12, 27 In coherence with our findings, proteomic studies found that in the early post-mortem period, actin fragments are released and that pH decline and actin degradation were closely related. 12, 28, 29 In the early post-mortem period, as long as glycolytic enzymes are not inhibited by low pH, glycolysis will continue, thus contributing to the acidification process. MDH1 plays a pivotal role in the malate−aspartate shuttle operating between cytosol and mitochondria, which may explain the correlation between MDH1 and pH 45 min . 30 MDH1 may also be implicated in apoptosis, as in response to glucose deprivation, MDH1 regulates p53-dependent cell-cycle arrest and apoptosis. 31 In our study, low pH 45 min was also associated with higher Prdx6, a bifunctional protein with both glutathione peroxidase (GPx, antioxidative) and phospholipase A2 (PLA 2 ) activities. 32 The relationship between Prdx6 and pH decline may be partly explained by the activity of the PLA 2 group. This group plays a significant role in the hydrolysis of phosphatidylcholine (PC), which is a basic phospholipid present in cell membranes. 33 Phosphatidylserine (PS) is the acid phospholipid present in cell membranes. At the early stages of apoptosis, the phospholipid distribution in the cell membranes is inverted: PS switches to the external and PC to the internal leaflet of the membrane by a flip-flop process. 26, 34 Due to this inversion, protons generated by glycolysis may be partly absorbed and the acidification process may be slowed. Due to PLA 2 activity, PC will be hydrolyzed, reducing its buffering capacity and thus enhancing the rate of pH decline in the cytosol.
Hsp70-8, a member of the Hsp70 kDa family, was positively related to early post-mortem pH. This Hsp is constitutively expressed in most tissues and essential for survival. It has many 
Article DOI: 10.1021/acs.jafc.5b02615 J. Agric. Food Chem. XXXX, XXX, XXX−XXX housekeeping chaperoning functions including folding of nascent polypeptides, protein translocation across membranes, chaperonemediated autophagy, and prevention of protein aggregation under stress conditions. 35 Due to its protective functions, increased metabolic activity may have led to increased levels and vice versa, explaining its relationship with early post-mortem pH. pH 3 h . PCA and regression analyses show that 3 h postmortem, the biological pathways appear partly similar to those involved in pH 45 min . Several other proteins are also involved, and these new relationships become apparent due to the greater time span during which protons have been able to accumulate. The correlated proteins are implicated in glycolysis (ENO3 and LDH-B), heat stress (Hsp20, Hsp70-Grp75, and Hsp70-8), oxidative resistance (Prdx6 and DJ-1), and structure (actin and MyBP-H). Results show that high levels of these biomarkers 45 min post-mortem predict low pH about 2 h later. ENO3 and LDH-B are glycolytic enzymes, and their negative association with pH 3 h is undoubtedly explained by a faster energy metabolism resulting in a faster pH decline.
High levels of MyBP-H proteins at 45 min post-mortem predicted also low pH 3 h post-mortem. MyBP-H is a cytoskeletal protein interacting with myosin thick filaments in the A-band. 36 Its relationship with pH 3 h may have been indirect as higher MyBP-H levels were associated with higher levels of ENO3 and LDH-B. The Dot-Blot protocol used in the present study allowed revealing both intact and fragmented protein molecules in the soluble fraction. Higher MyBP-H levels in the early postmortem period would suggest a faster fragmentation of these structural proteins, which may result from a faster early postmortem metabolism.
Higher Hsp20 levels may occur in response to metabolic activity and pH decline, to stabilize myofibrillar proteins. 37 For example, Lomiwes et al. 38 demonstrated that a slight decrease in postmortem muscle pH induces a rapid binding of another small Hsp of the same family, αB-crystallin, to the myofibril. Higher Hsp20 levels 45 min post-mortem may thus have been indicative of a faster metabolism and consequently be predictive of lower pH 3 h .
Hsp70-Grp75 was related to pH 3 h , pH u , and L* and b* color coordinates. Hsp70-Grp75 is a cytoprotective chaperone present in nearly all cellular compartments and induced by glucose deprivation, Ca 2+ influx, or agents perturbing glycolysis. 39 It assists in the import and folding of mitochondrial proteins and protects cells from glucose deprivation and ROS accumulation. 40 Its protective function may explain the relationship between its higher levels at 45 min post-mortem and the subsequent faster pH decline. Hsp70-Grp75 sequesters and inactivates p53, preventing its nuclear translocation and apoptosis. 41 Hsp70-Grp75 may thus slow apoptotic and other processes involved in the conversion of muscle to meat. In addition, Hsp70-Grp75 links the inositol 1,4,5-trisphosphate receptor of the endoplasmic reticulum to the mitochondrial voltage-dependent anion channels, presumably enhancing Ca 2+ trafficking from the endoplasmic reticulum toward the mitochondria. 12 This mechanism may also contribute to the relationship between Hsp70-Grp75 and pH decline as Ca 2+ exerts regulatory effects on many enzymes and proteins involved in metabolic and apoptotic processes including in the postmortem muscle. 12, 42 The different functions of Prdx6 have been discussed above. Hence, increased Prdx6 levels 45 min post-mortem predicted low pH 3 h post-mortem probably partly due to its PLA 2 activity on pH decline. In addition, 3 h post-mortem pH was around 6.2 and less unfavorable for the activity of the GPx group of Prdx6. 32 Thus, approaching 3 h post-mortem, Prdx6 may have acted as an antioxidant, thereby protecting metabolic activity. a Significance of the models: **, P < 0.01; ***, P < 0.001. b Variables are shown in order of their entrance in the prediction models. Table 4 for each parameter are shown.
Article DJ-1 is another antioxidant protein present in the cytoplasm as well as in intracellular organelles and scavenges H 2 O 2 through oxidation of Cys-106. 43 DJ-1 is further believed to promote the expression of a number of mitochondrial enzymes involved in reactive oxygen species (ROS) removal. 44 Its association with increased levels of glycolytic enzymes and Prdx6 is coherent with its association with a faster early post-mortem pH decline.
Ultimate pH. Ultimate pH was earlier found to be correlated with levels of various muscle proteins present in beef and pork muscles 45 min post-mortem. 11 In the present study, high levels of structural proteins (actin, CapZ-β, MyLC-1F, and MyHC-IIx/b), chaperones (Hsp70-Grp75, Hsp70-1A/B, and Hsp40), and oxidative resistance (DJ-1 and Prdx6) proteins 45 min post-mortem predicted low pH u . In contrast to pH 45 min and pH 3 h , low pH u was not predicted by high levels of glycolytic enzymes, although pH values at different post-mortem intervals were correlated. This is coherent with the knowledge that the glycolytic rate is not the sole determining factor for pH u . The extent of pH decline may be reduced if glycogen reserves are limiting. In the present experiment, preslaughter stress levels were low and glycogen levels were not the limiting factor as we have recently showed that 24 h post-mortem the muscles of the same BA bulls contained residual glycogen. 21 If glycogen content is not the limiting factor, glycolysis stops due to other factors, probably related to the disappearance of AMP and the inactivation of glycolytic enzymes. 45 High actin and CapZ-β contents 45 min post-mortem predicted low pH u . CapZ-β is located in the Z band of the muscle sarcomere and caps the barbed (plus) end of actin filaments, inhibiting polymerization. 46 A proteomic study found that CapZ-β was retained in the insoluble fraction of the protein extraction and that levels declined during the 48 h following slaughter, 10 indicative of progressive CapZ-β fragmentation or detachment from the Z band. As for MyBP-H (cf. above), the higher levels of actin and CapZ-β in the early post-mortem period would suggest a relatively fast fragmentation of these structural proteins. The association between faster structural protein degradation and higher levels of protective proteins (Prdx6, DJ-1, Hsp70-Grp75) 45 min post-mortem may thus express a faster metabolism. The association between higher levels of protective proteins and lower pH u suggests that these pathways effectively protected the cell against adverse events such as oxidative stress, presumably retarding apoptosis and preserving energy metabolism. The association between high MyHC-IIx/b content and high ultimate pH may seem unexpected. A higher MyHC-IIx/b content is usually associated with higher glycogen content and a potential for a faster metabolism, which, depending on the slaughter conditions, may result in a lower, rather than a higher, pH u . 3 Meat Color Traits. Mean L* values of the meat samples of the BA breed were within the range of normal values. 47 The redness (a*) values were lower and yellowness (b*) values were higher than those reported in the literature. 48 This may be partly due to the relatively high content of glycolytic fibers of the LT muscle of the BA breed. 20 These fibers contain less myoglobin, resulting in lower redness, and are less efficient in oxygen exchange compared to oxidative fibers, resulting in a less reductive environment and thus promoting MbO 2 formation with a net result of greater yellowness. 25 Relationships between Biomarkers and Meat Color Traits. PCA and regression analyses showed that L*, a*, and b* values were correlated with 10, 7, and 10 biomarker abundances, respectively. L* and b* showed seven correlations with the same proteins but in the opposite direction. The present study used proteins related to various beef sensory qualities including tenderness. 14 Although proteomic studies on pork, beef, and fish found relationships between color and proteins involved in muscle contraction, metabolism, heat stress, signaling, and other functions, 16−19 little information exists on the relationships between beef color and biomarkers validated for other meat qualities. 49 In the present study, μ-calpain and Hsp70-1A/B were correlated with the three color coordinates. Similarly, Joseph et al. 18 identified three overabundant chaperone proteins that were related to beef meat color stability, including a Hsp-1B of 70 kDa. Kwasiborski et al. 11 found a negative correlation between abundance of an Hsp70 isoform (Hsp72 or Hsp70-1A/B) 45 min postmortem and L* in pig LT muscles. Hsp70-1A/B is a member of the inducible Hsp70 family and is abundantly induced in response to cellular stress, possibly due to its function to preserve proteins. 40 One hypothesis is that inducible Hsp70s and μ-calpain influence certain meat color coordinates interactively. First, post-mortem ROS damage of the endoplasmic reticulum of the cells leads to the liberation of Ca 2+ in the cytosol, which activates μ-calpain. Structural proteins are a major substrate of μ-calpain, and their characteristics influence meat color aspects. Second, inducible Hsp70s may interfere in this process. Post-mortem, oxidative stress induced by a product of lipid peroxidation, 4-hydroxy-2-nonenal (4-HNE), an α,β-unsaturated aldehyde, 8 causes carbonylation of Hsp70, 50 thus inactivating it. It was recently reported that in monkey hippocampal CA1 neurons, carbonylated Hsp70s are key substrates of μ-calpain. 51 If this pathway exists also in muscle, the carbonylated forms of inducible Hsp70 may be hydrolyzed by μ-calpain. 51 4-HNE may also contribute to the phenomenon as it may cause disruption of Ca 2+ homeostasis, membrane and structure damage, and cell death. 52 In support of this hypothesis, 4-HNE was reported to affect meat color by formation of several adducts with muscle proteins, thus modifying protein functionality. 53, 54 Thus, increased levels of carbonylated Hsp70s will protect structural proteins against μ-calpain activity, thereby deferring changes in the structure of pigment and myofibrillar proteins, influencing hence reflectance and other aspects of meat color. Inducible Hsp70 binds also with membrane phospholipids 55 and interacts with PLA2 activity 56 and may thus participate in reactions involving phospholipids, pH decline, and apoptosis onset.
Other Hsps were also correlated with color coordinates. Hsp70-8 and αB-crystallin were negatively and positively correlated with L* and b*, respectively. Hsp40 was positively correlated with a*. Other studies found also relationships between Hsp contents of the early post-mortem muscle and color coordinates. Zhang et al. 57 reported opposite relationships between Hsp90 contents in the early post-mortem muscle and L* and b* in pigs. The involvement of Hsps in meat color may be in part related to their protective role against protein denaturation known to affect the reflectance of meat aspects. 19 Overall, these relationships indicate that inducible and constitutively expressed Hsps may play a major role in the determination of meat color.
The association between slow twitch oxidative fibers (type I) and L* and b* coordinates may be related to their relatively high content of myoglobin, which explains part of the variation in meat color. 25 In addition, they contain high levels of inducible Hsp70, of which the potential role has been described above.
The positive correlation between redness (a*) and Prdx6 can be explained by the involvement of the GPx group, which has antioxidative properties. Tang et al. 58 reported that adding glutathione to bovine muscle cytosol improved MbO 2 redox stability, allowing increased redness. The present study found also a positive correlation between MDH1 and a* values. Glycolytic enzymes were earlier found to be positively correlated with redness (a*) in beef. 16, 18 In the presence of a reductor, MetMb can be converted back into Mb. The reduction process is primarily enzymatic in nature with NADH as cofactor and can take place under anaerobic or aerobic conditions. 1 The glycolytic pathway allows the production of NADH, 1, 59 which may explain the correlation between a* and MDH1.
While many studies have shown relationships between beef color and protein biomarkers after ≥24 h post-mortem, the present study shows that protein biomarkers present in the early post-mortem period may predict subsequent pH decline and color development. Overall, the results show that correlations between pH decline, meat color coordinates, and protein biomarkers reflect existing knowledge on post-mortem muscle processes involved in pH decline and meat color determinism. The role of the distribution of muscle fibers is probably due to their myoglobin content, directly influencing color, and mitochondria content, involved in the initiation of the apoptosis process. The involvement of Hsps and oxidative proteins is explained by their protective functions, thereby preserving metabolism and retarding proteolysis and apoptosis onset. Antioxidants maintain further the redox state, thus stabilizing myoglobin. Prdx6 plays an important role, probably due to its dual functions of antioxidant and phospholipase activities. Enzymes of the glycolytic pathways influence pH decline and thus, indirectly, color stability, but deliver also energy and cofactors (NADH) allowing reduction of MetMb. The degree of fragmentation of structural proteins reveals the proteolytic and apoptotic status of the cell, and being substrates that may also enhance these processes. pH plays an important role as it influences the activity of at least part of the proteins (e.g., sHsps and Prdx6).
Thus, several of the tested biomarkers have been identified as being relevant for the traits of interest, and their relationships with the traits have been discussed in terms of possible underlying biochemical mechanisms. Before these biomarkers can be used as an industrial tool, further developments are needed. For example, the robustness of the relationship, in terms of breed, gender, feeding regimen, and muscle, should be investigated. The knowledge presented here should allow a greater understanding of similarities but also of differences that may exist with other animal types than the one studied. In addition, techniques for routine measurements must be developed (for example, Dot-Blot or antibody microarray techniques 13, 60 ). Once developed, the meat industry may benefit from the use of biomarkers as a tool for investigation, monitoring, or decision/management. In addition, knowledge of the biochemical pathways involved in meat color development and stability may be used to control or improve meat aspects under field conditions. As indicated above, addition of pyruvate to beef cuts improved meat color, as pyruvate regenerates NADH through the TCA cycle, leading to MetMb reduction. 8 Similar results were obtained for the addition of NAD + , lactate, or LDH. 
